Abstract. Colon cancer is one of the most common malignancies, causes considerable morbidity and mortality. The current treatment for colon cancer is more modest than had been hoped. There is an urgent clinical need to explore new agents or adjuvants for colon cancer treatment. Natural products and their derivates act as one of the major source for anticancer agent. In the present study, we investigated the anti-proliferation and chemoprevention effects of tetrandrine (Tet) on colon cancer cells to uncover the possible molecular basis of this effect. We found that Tet can inhibit proliferation and induce apoptosis in LoVo cells. With dimethylhydrazine (DMH) and dextran sodium sulfate (DSS) induced colon cancer model, we found that Tet can prevent or inhibit DMH plus DSS induced aberrant crypt foci (ACF) and colon cancer formation, as well as suppress tumor growth in the xenograft colon cancer model. Tet can downregulate the expression of IGFBP-5 in LoVo cells. Exogenous expression of IGFBP-5 can attenuate the anti-cancer activity of Tet, while IGFBP-5 knockdown potentiates this effect of Tet on LoVo cells. Tet can inhibit Wnt/β-catenin signaling transduction, which can be partly reversed by exogenous expression of IGFBP-5, but is enhanced by IGFBP-5 knockdown. Our results demonstrated that the anticancer activity of Tet in colon cancer cells may be mediated partly by downregulating the expression of IGFBP-5, thus inactivating Wnt/β-catenin signaling transduction.
Introduction
Colon cancer is one of the most common malignancies and causes considerable morbidity and mortality (1) . Substantial progress has been made in colon cancer treatment and diagnosis, but the treatment of colon cancer is still challenging (2) . Thus, there is an urgent clinical need to explore new agents or adjuvants for colon cancer treatment.
Natural products and their derived active components, including semi-synthetic and synthetic analogs, have served as one of the major sources for anticancer agents (3) (4) (5) (6) . A few plant derived compounds have been used for anticancer drugs for some years (7) , such as vinblastine, vincristine, etoposide, teniposide, taxol and camptothecin. Hence, natural products play a major role in cancer chemotherapy.
Tetrandrine (Tet), a bis-benzylisoquinoline alkaloid, is extracted from the dried root of Stephania tetrandra S. Moore (Chinese herb hang fang ji). It has been reported that Tet can exert various effects, such as anti-inflammatory, immunosuppressive and anti-hypertensive (8) (9) (10) . Also, it has been found that Tet was able to inhibit proliferation and induce apoptosis in many cancer cells, including breast, lung, colon cancer and neuroblastoma (11) (12) (13) (14) . Mechanistically, it has been reported that a few signaling pathways or critical factors are involved in the anticancer activity for Tet, such as mitogenactivated protein kinases (MAPKs) (15) , Wnt/β-catenin (13) , PI3K/Akt (16) and p53 (17) . We have also found that Tet can inhibit the proliferation of human colon cancer cell by targeting Wnt/β-catenin (13) , but the exact mechanism of this effect is not fully understood yet.
Insulin-like growth factor (IGF) signaling pathway plays an essential role in controlling cell differentiation, proliferation, apoptosis and aging (18) . The IGF signaling is well regulated by IGF binding proteins (IGFBPs), which contains seven members (IGFBP-1 to IGFBP-7). It has been reported that IGF signaling was associated with colon cancer (19) , such as IGFBP-2 and IGFBP-5 (20, 21) . IGFBP-5 has been reported associating with many types of cancer (21) , such as breast cancer (22, 23) , urothelial carcinoma (24) , neuroblastoma (25) and osteosarcoma (26) , but the role of IGFBP-5 in colon cancer remains unknown.
In the present study, we investigated the anticancer activity of Tet in human colon cancer cells, and dissected the possible molecular mechanism of this effect. Our results strongly indicate that IGFBP-5 may play an important role in colon cancer development, the anticancer activity of Tet 
Materials and methods
Chemicals and drug preparations. Tetrandrine (Tet) and DMH were from Sigma-Aldrich (St. Louis, MO, USA). The LoVo cell line was from the American Type Culture Collection (ATCC, Manassas, VA, USA). All antibodies were purchased from Santa Cruz Biotechnology, Inc. Cells were maintained in Dulbecco's modified Eagle's medium (DMEM) with 10% fetal bovine serum (FBS), 100 U/ml of penicillin and 100 µg/ml of streptomycin at 37˚C in 5% CO 2 . Tet was prepared as previously reported for in vitro assay (27) , or prepared with 0.5% carboxymethylcellulose sodium (CMC-Na) as a suspension for in vivo experiments.
Crystal violet viability assay. Crystal violet assay was conducted as previously reported (28 Immunohistochemical staining. Tumor slides were deparaffinized and then rehydrated as previously reported (13) . The deparaffinized slides were subjected to antigen retrieval and probed with an anti-IGFBP-5 antibody, or goat IgG as control, followed by incubation with biotin labled secondary antibodies and streptavidin-HRP. The target proteins were visualized by 3,3'-diaminobenzidine staining and imaged under a microscope.
Recombinant adenoviral constructs for IGFBP-5, siIGFBP-5 and GFP. The recombinant adenovirual vectors were carried out following the AdEasy system (30, 31) . Briefly, the coding sequence (CDS) of human IGFBP-5 was amplified and sub-cloned into the shuttle vector pAdTrace-TO4, and the siRNA-knockdown oligo cassettes were cloned into the pSES1 shuttle vector (the siRNA for IGFBP-5 were designed with siDesign software). Then, the shuttle vectors were transfected in HEK293 cells to package the recombinant adenoviruses, which were designated as AdIGFBP-5, AdsiIGFBP-5 and AdGFP. All recombinant adenoviruses were tagged with green fluorescent protein (GFP) and AdGFP was used as the vector control.
Flow cytometric analysis for apoptosis and cell cycle.
Sub-confluent LoVo cells were seeded in 6-well plates and treated with different concentrations of Tet and/or combined with infection of AdIGFBP-5, AdsiIGFBP5 or AdGFP for 48 h. For apoptosis analysis, cells were harvested and washed with cold phosphate-buffered saline (PBS; 4˚C), followed by incubating with Annexin V-EGFP (#KGA104; Nanjing KeyGen Biotech Co., Ltd., Nanjing, China) and propidium iodide (PI). Finally, the cells were analyzed with fluorescence activated cell sorting (FACS). For cell cycle analysis, cells were harvested and washed with PBS, fixed with cold (4˚C) 70% ethanol, washed with 50 and 30% ethanol and PBS. Finally, cells were stained with 1 ml of 20 mg/ml PI containing RNase (1 mg/ml) in PBS for 30 min followed by flow cytometric analysis. Each assay was done in triplicate.
Orthotopic colon cancer model. The colon cancer model used in the present study was initialized by subcutaneous injection of DMH plus 1% DSS as previously reported (32) . Briefly, Sprague-Dawely rats (weight 140±10 g, half male and half female) were from the Animal Centre of Chongqing Medical University (Chongqing, China). All experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of the Chongqing Medical University. Rats were given three subcutaneous injections of DMH (40 mg/kg) in the groin in a week (the same volume normal saline was used as control), followed by free access to drinking water containing 1% DSS for one week, and then changed to regular water and food at the beginning of the 3rd week. At the end of the 3rd week, the DMH treated rats were divided into 3 groups randomly (26 per group) and treated with different doses of Tet (25 and 50 mg/kg) or solvent by intragastic administration, five times a week up to the 20th week. At the end of the 10th week, 10 rats of each group were sacrificed to detect the formation of ACF with methylene blue staining, and the number of ACF was counted in the colorectum, and the images analysed under a microscope. At the end of the 20th week, all rest rats were sacrificed to check the formation of colon cancer and retrieved the tumor masses for histological evaluation.
Xenograft colon cancer model. Sub-confluent LoVo cells were harvested and prepared for subcutaneous injection to the flank of athymic nude mice (female nude mice from the Animal Center of Chongqing Medical University; five mice per group). One week after injection, the animals were treated the with Tet (40 or 80 mg/kg) or solvent intragastric administration. The animals were sacrificed after 4 weeks, and the tumor masses were retrieved, fixed and paraffin-embedded. Serial sections were performed with hematoxylin and eosin (H&E) staining for histological evaluation.
Luciferase reporter assay. Firefly reporter assay was carried out as previously reported (30, 33) . Cells were seeded in T25 flasks and transfected with 3.0 µg per flask of pTOP-Luc using Lipofectamine. Twelve hours later, cells were seeded in 24-well plates and treated with different concentrations of Tet and/or combined with corresponding recombinant adenovirus. Twenty-four hours later, cells were lysed and subjected to luciferase activity assay following the manual of the kit (E1500; Promega, Madison, WI, USA). Luciferase activity was normalized with total cellular protein concentrations of the samples. Each assay was done in triplicate.
Statistical analysis. Microsoft Excel was employed to calculate the standard deviations. The differences were analyzed using the Student's t-test.
Results

Tet inhibits the proliferation of LoVo cells. To validate whether
Tet can function as a chemotherapeutic agent for human colon cancers, we first test the proliferation inhibitory effect of Tet on human colon cancer cells. The result shows that Tet inhibits the proliferation of LoVo cells effectively and concentrationdependently (Fig. 1A) , even at the minimum concentration of 5 µM. This result is consistent with the flow cytometric assay for cell cycle analysis and western blot assay for the proliferating cell nuclear antigen (PCNA) (Fig. 1C and D) . Our result in HCT116 cells was similar (13) (data not shown). These data suggest that Tet may be used as a chemotherapy agent or adjuvant for colon cancer treatment. our experiments, and the ACF number per rat in Tet treated groups was fewer than that of the model group (Fig. 3A and  B) . The colon cancers induced by DMH and DSS in model group was more aggressive than those of Tet treated groups, and no cancer was found in the control group. Although Tet can not block the colon cancer formation initiated by DMH and DSS thoroughly, it was able to attenuate the cancer grade dose-dependently (Fig. 3C) . These results suggest that Tet may prevent the initiation of colon cancer.
Tet decreases the expression of IGFBP-5 and inhibits the in vivo tumor growth in the xenograft human colon cancer
model. IGF plays an important role in tumorigenesis, and the inhibitor of IGF signaling has been reported as a therapeutic target for cancer (34, 35) . IGFBP-5 is an important regulatory of IGF signaling and plays an important role in osteosarcoma (26) . But, its role in colon cancer is not clear yet. Thus, we investigated whether IGFBP-5 was involved in the anti-proliferation effect of Tet in human colon cancer. We test the endogenous IGFBP-5 expression in colon cancer cell lines and fetal colon cell line (FHC), the results show that IGFBP-5 is detectable in all colon cancer cell lines and are more prominent than that in FHC cells (Fig. 4A) . This result indicates that IGFBP-5 may be involved in colon cancer development. Thus, we further investigated whether Tet can regulate the expression of IGFBP-5. Western blot analysis showed that Tet can inhibit the expression of IGFBP-5 apparently in LoVo cells (Fig. 4B) , and similar result was obtained in HCT116 cells (data not shown). In the xenograft colon cancer model assay, H&E staining showed a decreased cellularity in tumor masses from Tet treated group (Fig. 4C) . Immunohistochemical staining results show that Tet decreases IGFBP-5 protein level concentration-dependently in the tumor masses (Fig. 4D) . These results suggest that IGBFP-5 may play an important role in colon cancer. (Fig. 5A) . Apoptosis analyses showed that exogenous expression of IGFBP-5 decreases the percentage of apoptotic cells induced by Tet, whereas knockdown of IGFBP-5 increases the percentage of necrotic cells (Fig. 5B) . Western blot analyses indicated that Tet increases the protein level of caspase-3 (Fig. 5C ), exogenous expression of IGFBP-5 has no obvious effect on the level of caspase-3 (Fig. 5D ), but knockdown of IGFBP-5 enhances substantially the caspase-3 protein level (Fig. 5E) . Thus, our data indicate that downregulation of IGFBP-5 may play a crucial role in Tet induced proliferation inhibition and apoptosis in LoVo cells.
IGFBP-5 downregulation participates in the anti-proliferation effect of Tet on
IGFBP-5 affects Tet-induced downregulation of Wnt/β-catenin signal transduction partly in LoVo cells.
Wnt/β-catenin signaling is one of the important signaling pathways for embryonic development, proliferation and differentiation. The aberrant activation of Wnt/β-catenin signaling plays a critical role in the development of colorectal tumorigenesis (36) . Our previous data show that Tet can target Wnt/β-catenin signaling to inhibit the proliferation of human colon cancer cells, but the exact mechanism is unknown. Thus, we further investigate whether IGFBP-5 can affect the Tet-induced inactivation of Wnt/β-catenin signaling transduction or not. We took pTOPluc reporter assay to test the LEF/Tcf transcriptional activity in LoVo cells. Cells were treated with different concentrations of Tet and combined with AdGFP or AdIGFBP-5. The result shows that Tet can effectively inhibit the luciferase activities of pTOP-Luc reporter, but exogenous expression of IGFBP-5 can partly reverse this effect (Fig. 6A ). Western blot analysis shows that Tet, or Tet combined with AdIGFBP-5 or AdsiIGFBP-5 has no substantial effects on β-catenin, either in cytoplasm or in the nucleus (Fig. 6B) . Further analyses indicated that Tet can downregulate the expression of c-Myc, one of the important downstream targets of Wnt/β-catenin signaling (37), either (Fig. 6C and D) . These results indicate that Tet may target Wnt/β-catenin signaling through partly downregulating IGFBP-5, although the detailed mechanisms remain unknown.
Discussion
Tet, a bis-benzylisoquinoline alkaloid extracted from the dried root of Chinese herb hang fang ji, has been validated as a potential agent to inhibit proliferation and induce apoptosis in many cancer cells, such as breast, lung, colon cancer and neuroblastoma (11) (12) (13) (14) . In the present study, we demonstrated that the anticancer activity of Tet in colon cancer may be mediated by downregulating IGFBP-5 expression to inactivate the canonical Wnt signaling transduction, although the detail mechanism is still unknown.
IGF signaling pathway is a very complex system, comprising two cell surface receptors (IGF1R and IGF2R), two ligands (IGF1 and IGF2), seven binding proteins (IGFPB-1 to IGFBP-7) with high affinity to IGFs and IGFBPs degrading enzymes. The axis is very important for regulating the development and normal physiological function, including regulating cell differentiation, proliferation and apoptosis (38) (39) (40) (41) . Thus, the aberrant IGF signaling has been implicated with the development of cancer (42) (43) (44) (45) , including human colon cancer (19) . IGFBP-5, as one essential member of IGF axis, has been reported implicated in cancer, but its role is controversial. IGFBP-5 inhibited breast cancer cells (22) , and suppressed human osteosarcoma cell growth (26) . However, exogenous IGFBP-5 also protects breast cancer from apoptosis induced by ceramide (23) , prolongs breast cancer cell survival (46) , and associates with metastasis and aggressiveness of breast cancer (47) . Knockdown of IGFBP-5 can inhibit the proliferation and differentiation of neuroblastoma cells (25) , while overexpression of IGFBP-5 indicates a poor prognosis in urothelial carcinoma (24) . The diverse functions of IGFBP-5 may be dependent on the specific cellular context, cell type and the localization in cells (21) , as well as the functional state of each domain (48) . It is unquestionable that IGFBP-5 is implicated with cancer. However, little is known about its role in colon cancer. Thus, we investigated whether IGFBP-5 is involved in the anticancer activity of Tet in colon cancer cells. Our results show that the endogenous expression of IGFBP-5 in colon cancer cells, including LoVo, SW480, HCT116, Caco-2 and SW620, is detectable and more prominent than that of Fetal human cells (FHC), (Fig. 4A) . Tet can downregulate the expression of IGFBP-5 in a concentration-dependent manner (Fig. 4B) , which was confirmed by immunohistochemical staining for tumor masses (Fig. 4D) . It has been reported that DMH plus DSS-induced colon cancer is characteristic of IGFBP-5 upregulation (49) . Hence, we propose a hypothesis that IGFBP-5 may participate in the anticancer activity of Tet in human colon cancer. The cell cycle analysis shows that Tet can arrest cell cycle at G1 phase, and IGFBP-5 knockdown combined with Tet can enhance this effect dramatically. On the contrary, over-expression of IGFBP-5 has no substantial effect on cell cycle arrest, but it can almost reverse Tet induced cell cycle arrest in LoVo cells. These results are consistent with the apoptosis analysis ( Fig. 5B and C) . These data collectively support that downregulation of IGFBP-5 may play an important role in the anticancer effect of Tet in colon cancer cells.
Wnt signaling pathway is important for embryogenesis and cancer. The aberrant activation of Wnt signaling is an important etiological cause of colon cancer (50) . For canonical Wnt pathway (also called Wnt/β-catenin signaling pathway), β-catenin is as a critical factor. In the absence of Wnt ligands, axin, GSK-3β and protein APC can be assembled as a destruct complex, which can promote the proteolytic degradation of β-catenin and block the signaling transduction. In the presence of Wnt ligands, the complex will be disassembled and the β-catenin becomes stable in the cytoplasm and then translocates into the nucleus. Finally, β-catenin interacts with TCF/LEF transcription factors to regulate the expression of downstream target genes (51) . Our results show that Tet can inhibit the β-catenin/TCF transcription activity, while Tet combined with exogenous expression of IGFBP-5 can partly reverse this effect (Fig. 6A) . Tet can inhibit DMH plus DSSinduced colon cancer, which is characteristic of β-catenin mutation and IGFBP-5 upregulation (49, 52, 53) . Thus, the inhibitory effect of Tet on Wnt/β-catenin signaling transduction may not fully promote the degradation of β-catenin. This was confirmed by our western blot assay, which shows that Tet, or Tet combined with IGFBP-5 overexpression or knockdown exerted no apparent effect on β-catenin protein level in the nucleus (Fig. 6B) . Further analysis showed that Tet can also downregulate the mRNA and protein expression of c-Myc, an important downstream target of canonical Wnt signaling pathway (37) . This can be partly reversed by exogenous expression of IGFBP-5, but enhanced by IGFBP-5 knockdown (Fig. 6C and D) . These data suggest that the inhibitory effect of Tet on Wnt/β-catenin signaling may be mediated through downregulating the expression of IGFBP-5, which may regulate the interaction of β-catenin and other important transcriptional factors to determine the expression of Wnt target genes.
Taken together, the present study strongly suggest that Tet can be used as a potent anticancer agent or adjuvant for colon cancer treatment. IGFBP-5 may be an essential factor necessary for β-catenin to interact with TCF, LEF or other essential transcription factors for Wnt/β-catenin signaling transduction. The anticancer activity of Tet in colon cancer cells may be mediated partly by downregulating the expression of IGFBP-5, through which to inactivate Wnt/β-catenin signaling transduction. Further investigations are needed to clarify the molecular mechanism of how Tet downregulates IGFBP-5, and how IGFBP-5 modulates the Wnt/β-catenin signaling transduction, as well as the clinical significance of IGFBP-5 in colon cancer.
